The coagulation cascade is activated during viral infections. This response may be part of the host defense system to limit spread of the pathogen. However, excessive activation of the coagulation cascade can be deleterious. In fact, inhibition of the tissue factor/factor VIIa complex reduced mortality in a monkey model of Ebola hemorrhagic fever. Other studies showed that incorporation of tissue factor into the envelope of herpes simplex virus increases infection of endothelial cells and mice. Furthermore, binding of factor X to adenovirus serotype 5 enhances infection of hepatocytes but also increases the activation of the innate immune response to the virus. Coagulation proteases activate protease-activated receptors (PARs). Interestingly, we and others found that PAR1 and PAR2 modulate the immune response to viral infection. For instance, PAR1 positively regulates TLR3-dependent expression of the antiviral protein interferon b, whereas PAR2 negatively regulates expression during coxsackievirus group B infection. These studies indicate that the coagulation cascade plays multiple roles during viral infections. 
Virus life cycle
The life cycle of a virus can be divided into 3 stages: (1) virus infection, (2) virus replication and assembly, and (3) virus release. After entry to the cell, the virus is unpacked, viral genomes are replicated, and components are assembled to form new viral particles. The last phase of the viral life cycle is the release of infectious particles, which may be achieved by either cell lysis or budding of particles from the membrane. Viruses can be divided into 2 groups: enveloped and nonenveloped. Influenza A virus (IAV) and herpes simplex virus (HSV) are examples of enveloped viruses. Part of the envelope is derived from the host cell membrane and covers the capsid. It fuses with cell membranes during infection of cells and may help the virus to evade the immune system. Adenovirus (Adv) and coxsackievirus group B (CVB) are examples of nonenveloped viruses.
The innate immune response to virus infection
The innate and adaptive immune systems have evolved to protect humans from pathogens, such as viruses. The presence of a virus is detected by specialized cells, such as natural killer (NK) cells, macrophages, monocytes, and dendritic cells, as well as nonprofessional immune cells, such as fibroblasts and cardiomyocytes. 1, 2 Pattern-recognition receptors (PRRs) on these cells recognize pathogen-associated molecular patterns (PAMPs) produced by the pathogen, such as lipopolysaccharide (LPS), double-stranded (ds) or single-stranded (ss) RNA, or viral DNA. [1] [2] [3] Toll-like receptors (TLRs) are a family of membrane receptors that recognize PAMPs. 2 They are widely expressed by immune cells and other nonimmune cells, such as endothelial cells, epithelial cells, fibroblasts, cardiomyocytes, and platelets. 1, 2, 4 Viral infections are mainly detected by endosomal TLRs that recognize nucleic acid ligands from the virus. 2, 5 TLR3 recognizes the dsRNA of dsRNA viruses and dsRNA that is made during replication of ssRNA viruses. TLR7 and TLR8 recognize ssRNA, whereas TLR9 recognizes dsDNA from DNA viruses. In addition, TLR2 and TLR4 recognize PAMPs derived from the viral capsid or envelop. dsRNA present in the cytosol is also detected by cytosolic PRRs, such as retinoic acid-inducible gene I and melanoma differentiation-associated gene 5. 1, 6 TLR3 can be activated experimentally by the dsRNA mimetic polyinosinicpolycytidylic acid (poly I:C).
Activation of these PRRs leads to the expression of the type I interferons (IFNs) IFN-a and IFN-b, type II IFNs (IFN-g), chemokines, and cytokines.
7 TLR3 uses the adaptor protein Toll/IL-1 receptor/resistance domain-containing adaptor-inducing IFN-b (TRIF) to activate mitogen-activated protein kinases, AP-1, nuclear factor kB (NF-kB), and IFN regulatory factor 3 (IRF3), which induce IFN-b expression. 8 In contrast, TLR7, TLR8, and TLR9 all use MyD88 to activate mitogen-activated protein kinases, NF-kB, and IRF7 signaling, which leads to IFN-a expression. 1 IFNs coordinate the antiviral response by inducing the expression of IFN-stimulated genes (ISGs) that reduce virus replication and infection. 7 Furthermore, chemokines, such as CXCL10 (also known as IP10), and cytokines recruit NK cells and phagocytes to kill virally infected cells. 7, 9 Finally, activation of dendritic cells, NK cells, and macrophages by type I IFNs leads to the production of IFN-g, which stimulates the adaptive immune response to the virus. lead to disseminated intravascular coagulation and subsequent hemorrhage that contributes to multiorgan failure and mortality. 16 Tissue factor (TF) appears to be the major activator of the coagulation cascade during viral infection. TF expression is increased in endothelial cells infected with HSV and Dengue virus. 10, 13 In addition, Ebola virus infection induces TF expression in lymphoid macrophages and circulating blood cells, which is associated with Ebola hemorrhagic fever. 11, 16 Furthermore, the TLR3 agonist poly I:C induces TF expression in cultured endothelial cells and activates the coagulation system in mice. 17 Importantly, inhibition of the TF/factor VIIa (FVIIa) complex reduced the cytokine storm and mortality in a rhesus monkey model of Ebola hemorrhagic fever. 18 This study demonstrates the deleterious effects of overactivation of the coagulation cascade during viral infection.
PARs
Protease-activated receptors (PARs) are 7-membrane-spanning, G-protein-coupled receptors. 19 There are 4 members in the family: PAR1 to PAR4. They are widely expressed by both immune and nonprofessional immune cells. [20] [21] [22] [23] Platelets exhibit a species-specific pattern of PAR expression; human platelets express PAR1 and PAR4, whereas mouse platelets express PAR3 and PAR4. PARs can be activated by a variety of proteases, including serine proteases generated during activation of blood coagulation. Proteolytic cleavage of the N-terminal exodomain exposes a tethered ligand that binds to the receptors and induces intracellular signaling. Thrombin is the primary activator of PAR1, PAR3, and PAR4, whereas PAR2 is activated by trypsin and tryptase as well as FVIIa and FXa.
19,20,24 PAR signaling can be either proinflammatory or anti-inflammatory depending of the particular PAR, cell type, and disease model.
21,25
The coagulation system and PARs enhance infection of HSV in endothelial cells and in mice
Enveloped viruses use components from the host's cell membrane to cover the viral capsid. These membranes can be derived from the outer cell layer of an infected host cell or from internal membranes, such as the endoplasmic reticulum. In addition to proteins from the host, the outer lipid bilayer contains virally encoded proteins. Selected incorporation of host proteins, such as TF, into the HSV envelop leads to activation of coagulation when the virus enters the bloodstream (Figure 1) . 26 In addition, HSV1 expresses a protein called glycoprotein C that enhances the activation of coagulation. 27, 28 HSV may activate the clotting system to coat virally infected cells with fibrin to reduce their recognition and killing by NK cells and phagocytes. 15, 29 Interestingly, Sutherland and colleagues found that activation of PAR1 and PAR2 increases HSV infection of endothelial cells in vitro (Figure 1) . 26, 30 Recently, this group analyzed the role of TF in HSV1 infection in mice. 31 They observed higher levels of virus in various organs of mice infected with HSV1 virus produced in TF-expressing cells compared with mice infected with HSV1 virus produced in TF-negative cells. Furthermore, inhibition of TF coagulant activity reduced virus levels in all organs, whereas inhibition of TF signaling activity only reduced levels of virus in the blood and spleen. 31 These results indicate that TF-dependent activation of the coagulation cascade increases HSV1 infection in both cultured endothelial cells and in mice.
Role of factor X and the clotting cascade in Adv and Adv-associated virus infection Adv and adenovirus-associated viruses (AAVs) are nonenveloped viruses that are commonly used as gene therapy vectors. Intriguingly, a variety of coagulation proteins, including FX, were shown to promote Adv-mediated gene delivery to hepatocytes.
32 Specifically, FX binding to the hexon of Adv serotype 5 (Adv5) increased cell transduction (Figure 2) . 33,34 FX was also shown to shield Adv5 from attack from complement and immunoglobulin M antibodies, which increased viral attachment and infection of hepatocytes in vivo ( Figure 2) . 35 In contrast to the studies showing a beneficial role of FX binding for Adv5 infection, binding of FX to Adv5 increased macrophage recognition of the virus and enhanced the innate immune response by activation of the TLR4-MyD88-NF-kB pathway ( Figure 2) . 36 However, the net effect of FX binding to Adv5 appears to be positive, because blocking of this interaction reduces infection in mice. A recent study analyzed the effect of different anticoagulants on AAV infection in mice because they are used during administration of AAV vectors.
37 Unfractionated heparin as well as FXa and thrombin inhibitors significantly reduced AAV-2, but not AAV-5 and AAV-8, infections in mice.
37 Surprisingly, low molecular weight heparin (LMWH) had no effect on AAV-5 infection, which may be due to a lower anticoagulant potency. Adv5 infection was also reduced by the different anticoagulants. The differential effect of anticoagulants on Adv5 and AAV-2 infection vs AAV-5 infection suggests that FXa and thrombin modulate virus attachment and internalization through changes in receptors, possibly through PARs. Heparins may also interfere with the binding of viruses to cells. Taken together, these studies indicate that activation of the coagulation system enhances Adv and AAV infection.
PAR1 and PAR2 modulate TLR signaling in neutrophils, epithelial cells, macrophages, and cardiac fibroblasts (CFs) PARs and TLRs have been proposed to act as a dual-sensor system in the innate immune response to infection. 38 Interestingly, Moretti and colleagues found that PAR signaling requires the presence of TLRs. 38 For instance, PAR1 and PAR2 activation of p38, but not extracellular signal-regulated kinase 1/2 and NF-kB, was abolished in TLR4-deficient murine neutrophils. 38 In contrast, PAR1 and PAR2 activation of extracellular signal-regulated kinase 1/2 and NF-kB was reduced in cells deficient in TLR2 and MyD88. 38 However, the more likely scenario during invasion of a pathogen is that TLRs are the major receptors that respond to infection and that PARs act by modulating TLR signaling. 15 ,39-42
PAR2 modulation of TLR2, TLR3, and TLR4 signaling in epithelial cells and CFs
Many of the studies on PAR2 modulation of TLR signaling in different cells types have been performed by the Vogel group. In an early study, they showed that TLR4-dependent activation of human epithelial cell lines was enhanced by PAR2 stimulation, possibly through direct interaction between PAR2 and TLR4 and its adaptor proteins ( Figure 3) . 41 They extended this study by investigating the effect of PAR2 activation on TLR2-, TLR3-, and TLR4-dependent signaling in human mucosal epithelial cell lines.
40 PAR2 activation enhanced TLR2-and TLR3-dependent activation of NF-kB and interleukin (IL)-8 expression (Figure 3) . 40 These results indicate that in human epithelial cells, PAR2 positively regulates TLR2-, TLR3-, and TLR4-dependent expression of inflammatory pathway via increased activation of NF-kB.
In contrast to studies showing a positive effect of PAR2 on TLR4 signaling, the Vogel group found that activation of PAR2 on primary murine macrophages suppressed LPS induction of tumor necrosis factor a (TNF-a), IL-6, and IL-12 expression. 25 Similarly, a recent study found that FXa stimulation of human mononuclear cells and primary murine macrophages suppressed LPS induction of TNF-a in a PAR2-dependent manner. 43 However, we did not find any effect of PAR2 deficiency on the expression of TNF-a or IL-6 in a mouse endotoxemia model. 44 These studies indicate that PAR2 can positively and negatively regulate TLR4 signaling in different cell types.
The effect of PAR2 activation in human epithelial cells on the TLR3-dependent antiviral pathway driven by IRF3 was also analyzed by the Vogel group.
40 Surprisingly, PAR2 activation inhibited TLR3-dependent activation of this antiviral pathway ( Figure 3 ). Specifically, PAR2 activation reduced TLR3-dependent activation of IRF3 and IFN-b expression and the downstream ISGs CXCL10 and CCL5. 40 Similarly, the Riteau group found that PAR2 activation suppressed CCL5 expression by A549 human epithelial cells after influenza A infection. 45 We found that murine embryonic CFs lacking PAR2 expressed higher levels of IFN-b and CCL5 expression after poly I:C stimulation compared with wild-type (WT) fibroblasts (Figure 4) . 42 Taken together, these results indicate that PAR2 suppresses For personal use only. on April 14, 2017. by guest www.bloodjournal.org From TLR3-dependent expression of the antiviral pathway in both epithelial cells and CFs.
PAR1 modulation of TLR3 and TLR4 signaling in CFs
We analyzed the effect of PAR1 activation on TLR3-dependent signaling in murine CFs. Interestingly, we discovered that PAR1 activation enhanced TLR3-dependent expression of IFN-b and CXCL10 expression (Figure 4) . 15 This enhancement was abolished in PAR1 knockout (ko) cells and appears to be mediated, in part, by a PAR1-dependent increase in the activation of p38. 15 We also observed a PAR1-dependent enhancement of poly I:C induction of IFN-b and CXCL10 expression in murine bone marrow-derived macrophages. 46 Recently, we found that activation of PAR1 inhibited poly I:C induction of TNF-a expression by CFs and inhibited LPS induction of TNF-a expression by mouse embryonic fibroblasts (Michael F. J. Bode, S.A., and N.M., unpublished data). This effect appears to be via an inhibition of NF-kB activation (Figure 4 ). Taken together, these results demonstrate that PAR1 and PAR2 modulate TLR signaling and the innate immune response to viral infections.
Roles of PAR1 and PAR2 in mouse models of coxsackievirus B3-induced myocarditis CVB is a nonenveloped enterovirus of the Picornaviridae family and a (1) ssRNA genome. CVB infection of cells is mediated by virus binding to the coxsackievirus-Adv receptor and the decayaccelerating factor on the cell surface followed by endocytosis. 47 Mouse studies have shown that a deficiency of either TLR3 or its adaptor, TRIF, is associated with an increase in levels of virus and mortality after CVB3 or CVB4 infection. [48] [49] [50] Interestingly, type I IFNs (IFN-a and IFN-b), but not type II IFN (IFN-g), are required for the innate immune response to CVB3. 51 IFN-a and IFN-b are expressed at low levels by various cells but are induced in virally infected cells, such as CFs and cardiomyocytes in the heart. 52 These studies indicate that the TLR3-TRIF-IFN-b pathway plays a central role in the innate immune response to CVB3 infection and myocarditis.
PAR2ko mice have decreased CVB3-induced myocarditis
We recently investigated the role of PAR2 in a mouse model of CVB3-induced myocarditis. We found that PAR2ko mice exhibited strikingly less CVB3-induced myocarditis compared with WT mice (Table 1) . 42 Interestingly, infected PAR2ko mice expressed increased levels of cardiac IFN-b compared with infected WT mice, which may explain the reduced levels of CVB3 in the heart. 42 In vitro studies demonstrated that PAR2ko CFs either infected with CVB3 or stimulated with poly I:C expressed more IFN-b and CCL5 compared with WT cells. 42 Furthermore, activation of PAR2 inhibited poly I:C-induced phosphorylation of Stat1, which is activated downstream of IFN-b binding to its receptors. 42 These data suggest that is PAR2 suppresses the TLR3-TRIF-IFN-b pathway. These results are consistent with previous studies by the Vogel 
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At present, the proteases that activate PAR2 during CVB3 infection have not been elucidated. Possible candidates include mast cell tryptase and chymase. 53 Mast cells in the heart rapidly degranulate after CVB3 infection. 54 Moreover, mast cell-deficient mice are protected against encephalomyocarditis viral myocarditis, 55 which is a similar phenotype to PAR2ko mice. We are currently studying the role of mast cells and tryptase in CVB3-induced myocarditis. Virally encoded proteases may also activate PAR2 during infection. For instance, papain-like protease 2 expressed by the porcine epidemic diarrhea virus inhibited poly I:C induction of the IFN-b promoter by reducing levels of ubiquitinated proteins. 56 It would be interesting to determine the role of PAR2 in this response. Further studies are needed to determine the proteases that activate PAR2 during CVB3 infection.
PAR1ko mice have increased CVB3-induced myocarditis
In contrast to the results with PAR2ko mice, we found that PAR1ko mice had increased CVB3-induced myocarditis compared with WT controls (Table 1) . 15 PAR1ko mice expressed lower levels of IFN-b and CXCL10 after infection and had higher levels of CVB3 in their hearts compared with WT mice. 15 The reduced IFN-b expression was associated with reduced NK cell infiltration into the heart in PAR1ko mice compared with WT controls. 15 In addition, we found that thrombin stimulation of WT murine splenocytes, but not PAR1ko cells, increased NK cell activity. 15 This is consistent with a previous study using human lymphocytes. 57 We also investigated the effect of overexpression of PAR1 on cardiomyocytes on CVB3-induced myocarditis using a transgenic mouse model. Mice overexpressing PAR1 on cardiomyocytes expressed higher levels of IFN-b after CVB3 infection and had reduced myocarditis compared with WT mice. 15 In vitro studies with murine CFs demonstrated that PAR1 activation enhanced poly I:C induction of IFN-b and CXCL10 expression (Figure 4) . 15 Interestingly, we observed lower levels of CXCL10 expression in PAR1ko CFs stimulated with poly I:C alone compared with WT cells. 15 We recently discovered that isoproterenol stimulation of CFs induces the expression and release of matrix metalloproteinase (MMPs) that activate PAR1. 58 Importantly, a pan-MMP inhibitor and an MMP13-specific inhibitor reduced poly I:C induction of CXCL10 expression in WT CFs to levels observed with PAR1ko CFs, indicating that MMP13 and possibly other MMPs were contributing to CXCL10 expression by activating PAR1 (Figure 4 ). 15 
Role of the coagulation cascade in CVB3-induced myocarditis
Based on the known activators of PAR1 and our in vitro studies with CFs, we hypothesized that both thrombin and MMP-13 were the primary activators of PAR1 during CVB3 infection (Figure 4) . Consistent with this hypothesis, we found that inhibition of either TF or thrombin increased levels of CVB3 in the heart and cardiac injury, suggesting that the TF-thrombin-PAR1 pathway contributes to the innate immune response to CVB3 infection. 15 In addition, inhibition of MMP13 in CVB3-infected mice increased myocarditis. 15 In contrast to our study, inhibition of coagulation with LMWH reduced cardiac fibrosis and mortality by 20%. 59 It was proposed that the reduction of fibrosis was due to inhibition of fibrin deposition in the myocardium. Another study observed reduced fibrosis and improved heart function 8 days after CVB3 infection in mice treated with the FXa inhibitor fondaparinux. 60 Others have proposed that administration of a FXIII inhibitor or a fibrinolytic agent would be beneficial by reducing the deposition of crosslinked fibrin and fibrosis in the myocardium that occurs in viral myocarditis. 61 Activation of PAR1 also increases fibrosis 62 and may contribute to cardiac fibrosis during CVB3 infection. The differences in the results with various anticoagulants may be due to the degree of anticoagulation or additional activities of the anticoagulants that may include inhibition of viral attachment by LMWH. For instance, a large variety of viruses, including CVB3, use cell-surface heparan sulfate proteoglycans for attachment and infection, which can be blocked by heparin and heparin-like molecules. 63, 64 Further studies are required to determine the role of the coagulation cascade in CVB3-induced myocarditis.
Roles of PAR1 and PAR2 in mouse models of IAV infection
IAV is a major cause of mortality in the elderly population. It is an enveloped ssRNA virus and binds to receptors containing sialic acids. Proteolytic cleavage of hemagglutinin on the surface of the viral particle is required for fusion of the viral envelope with the endosome and release into the cytosol. 65 Several PRRs, including TLR3 and TLR4, are activated following IAV infection.
40,66 TLR3 deficiency results in unrestricted IAV replication. 67 Interestingly, PAR2 enhanced IFN-g-induced suppression of IAV replication in human monocytes. 68 In addition, the expression of all 4 PARs is increased after IAV infection in the airway and lung. 69 IAV infection also leads to the expression of various PAR activating proteases, such as trypsin and MMPs, which may contribute to viral replication and inflammation. 70 In IAV infection, neutrophils are essential for early virus clearance, but excessive infiltration increases mortality and hemorrhages. 71 Activated immune cells, such as neutrophils and macrophages, secrete cathepsin G and other proteases that can activate PAR1 and PAR4. 72 Furthermore, neutrophil cathepsin G and elastase can disarm PAR2 on human lung epithelial cells but activate PAR2 on nonepithelial cells. 72, 73 Therefore, there are a variety of proteases present during IAV infection that could activate PARs and alter IAV infection and the immune response.
Role of PAR2 in IAV infection in mice
In vitro studies using human epithelial cell lines and murine CFs showed that activation of PAR2 inhibited the TLR3-IFN-b antiviral pathway. 40, 42, 45 These results suggested that PAR2ko mice would be protected from IAV infection because they would express higher levels of IFN-b. Indeed, the Vogel group found that PAR2ko mice For personal use only. on April 14, 2017 . by guest www.bloodjournal.org From exhibited reduced mortality after infection with the mouse adapted influenza A strain H1N1 (Table 2) . 40 In addition, PAR2 inhibition was found to reduce the replication of IAV in cardiomyocytes in vitro. 70 In contrast to these studies, the Riteau group reported that H1N1 infected PAR2ko mice had a small increase in mortality compared with WT mice (Table 2) . 45 The authors concluded that PAR2 protected mice by increasing IFN-g expression. The Riteau group also showed that administration of SLIGRL, a PAR2 agonist peptide, to WT mice increased survival after H1N1 infection. 45 However, a recent study showed that this peptide mediated PAR2-independent protection against IAV. 74 It is difficult to explain the different results found with IAV infection in PAR2ko mice ( Table 2 ). This could be due to differences in virus dose and virus preparation. Importantly, the Vogel group propagated H1N1 in the allantoic fluid of eggs, whereas the Riteau group used Madin-Darby canine kidney cells. 40, 45 This would introduce different host proteins into the envelope that can alter the host response to the virus. For instance, IAV propagated in eggs may exhibit a higher virulence due to hemagglutinin cleavage by ectopic expressed FX-like proteases, which are not expressed by MadinDarby canine kidney cells. 75, 76 Role of PAR1 in influenza infection in mice
Our in vitro studies with CFs indicated that PAR1 enhanced TLR3-dependent IFN-b expression. 15 These data suggest that PAR1ko mice may be more susceptible to IAV infection because they would have reduced levels of the TLR3-IFN-b antiviral pathway. Indeed, we found that PAR1ko mice expressed lower levels of CXCL10 and had higher levels of virus in their lungs compared with WT mice 3 days after H1N1 infection (Table 2) . 15 In contrast to our results, the Riteau group reported that PAR1ko mice had reduced mortality compared with WT controls after H1N1 infection (Table 2) . 77 Intransal administration of a PAR1 agonist peptide into WT mice also increased mortality after H1N1 infection. 77 Similarly, activation of PAR1 with an agonist peptide increased the susceptibility of mice to human metapneumovirus. 78 It was concluded that PAR1 was proinflammatory and increased the cytokine storm and lethality after infection with either H1N1 or human metapneumovirus. 77, 78 Again, it is difficult to explain the different results observed with PAR1ko mice. We propagated IAV in eggs in a similar manner to the Vogel group. Riteau and colleagues recently proposed that PAR1 may play a protective role in "non-severe IAV infection" where it cooperates with PRRs to eliminate the pathogen. 79 However, during "severe IAV infection," PAR1 may enhance inflammation. This model suggests that PAR1 can be protective or deleterious depending on the dose of IAV.
Roles of the coagulation cascade and platelets in mouse models of IAV infection
Lethal H1N1 infection in mice is associated with both pulmonary and systemic activation of coagulation. [80] [81] [82] Mice containing the prothrombotic variant of factor V called Leiden exhibited increased levels of IAV in the lung 48 hours after infection compared with WT mice. 81 However, there were no differences in the activation of coagulation, early immune responses, or survival between factor V Leiden and WT mice. 81 Inhibition of activated protein C (APC) worsened lung histopathology but lowered neutrophil influx and delayed mortality during IAV infection in mice. 83 Administration of APC reduced the virus load in the lungs 48 hours after infection but did not affect lung histopathology, neutrophil influx, or survival. 80 APC is an anticoagulant and a known activator of PAR1. Therefore, it is possible that part of the beneficial effect of APC is mediated by a reduction in coagulation and/or activation of PAR1 and enhancement of antiviral responses.
Based on their findings, the Riteau group suggested "that PAR1 antagonism might be explored as a treatment for influenza." 77 In humans, thrombin activation of platelets is primarily mediated by PAR1, and therefore PAR1 antagonists would inhibit platelet activation. Importantly, viral infections of the lung cause alveolar hemorrhage that increases morbidity and mortality and morbidity in humans. 84 It has been hypothesized that aspirin contributed to the incidence and severity of viral pathology in the 1918-1919 influenza pandemic. 85 Moreover, treatment with antipyretics increased mortality in animal models of influenza infection. 86 Consistent with this notion, we observed that impaired hemostasis due to either a genetic deficiency of TF or an absence of PAR4 dramatically increased lung hemorrhage and increased mortality in mice infected with H1N1. 87 Pharmacologic inhibition of platelets and the clotting cascade also increased mortality of WT mice infected with H1N1 (S.A., Kohei Tatsumi, and N.M., unpublished data). In line with our observations, a reduction of fibrinogen levels with the snake venom ancrod also increased the severity of IAV infection in mice. 88 Taken together, these results suggest that antithrombotic therapy may have an adverse effect during IAV infection by increasing lung hemorrhages and mortality.
Dengue virus
Dengue virus is the most important arthropod-transmitted viral disease in the world. 89 Major complications are Dengue shock syndrome and Dengue hemorrhagic fever. In Dengue shock syndrome, there is increased cytokine expression and activation of coagulation similar to bacterial sepsis. 90 In vitro studies showed that Dengue virus infection of endothelial cells induced expression of TF and PAR1. 13 Interestingly, Dengue virus proteins show sequence homologies to coagulation proteases. 91 This suggests that Dengue hemorrhagic fever may be caused by an autoimmune reaction against thrombin and other components of the coagulation cascade leading to an antithrombotic and profibrinolytic state. 86, 87 APC-dependent activation of PAR1 reduced Dengue virus-mediated endothelial permeability and inflammatory response, 92 which suggests that APC may be protective during Dengue virus infection.
HIV
HIV infection increases inflammation and activates the coagulation cascade. 93 Higher levels of IL-6 and D-dimer were associated with mortality in HIV patients. 94 Antiretroviral therapy reduces inflammation and ongoing coagulation. 93 It was shown that HIV can infect the brain and dorsal root ganglia, which leads to increased levels of thrombin and PAR1 as well as the development of encephalitis and distal sensory polyneuropathy. 95, 96 PAR1 signaling may contribute to neuronal inflammation and damage during HIV infection. 95, 96 Furthermore, activation of PAR1 and PAR2 may lead to increased HIV infection of certain cell types due to increased expression of the HIV coreceptor CCR5. 97 However, PAR1 stimulation can also increase IL-10 and suppressor of cytokine signaling-3 expression, which would promote anti-inflammatory signals in microglia cells. 98 Activation of TLR3 inhibits HIV replication in macrophages. 99 We observed that costimulation of PAR1 and TLR3 led to increased IFN-b-dependent responses in bone marrow-derived macrophages and dendritic cells. 46 It is therefore possible that PAR1 may also contribute to antiviral responses during HIV infection. Another study suggested that the thrombin-PAR1 axis contributes to adaptive immune responses through increased T-cell motility and production of proinflammatory cytokines during HIV infection. 100 
Conclusion
Activation of the coagulation cascade during viral infection is probably a protective mechanism to limit the spread of the infection. However, excessive clotting can lead to disseminated intravascular coagulation and subsequent hemorrhage, such as during Ebola hemorrhagic fever and Dengue hemorrhagic fever. FX binding to Adv5 not only enhances its infection of hepatocytes but also increases its recognition by macrophages as part of the innate immune system. PAR1 and PAR2 also modulate infection and the innate immune response to viral infection. PARs modulate TLR signaling in epithelial cells, CFs, and primary murine macrophages. Anticoagulants increased lung hemorrhage in an IAV mouse model but produced contradictory results in a mouse model of CVB3-induced myocarditis. Overall, there is a need for additional studies to understand the role of coagulation, proteases, and PARs in different virus infections. Long-term antithrombotic therapy may affect viral infection and replication as well as the immune response to the virus. 
